TRH1 is a member of the AtKT/AtKUP/AtHAK family of potassium carriers that is required for root hair elongation and AKT1 is an inward rectifying potassium channel expressed in the root epidermis, endodermis and cortex of Arabidopsis thaliana. Plants homozygous for the trh1-1 mutation form short root hairs. The Trh1 ± phenotype cannot be suppressed by growing plants homozygous for the trh1-1 mutation in the presence of high external KCl concentration. This indicates an absolute requirement for TRH1 in root hair tip growth. Plants homozygous for the akt1-1 mutation develop longer root hairs than the wild type when grown in 0 mM external potassium, but develop shorter hairs than the wild type when grown in higher concentrations [>10 mM] of potassium. These data indicate that both TRH1 and AKT1 are active in the root hair over a wide range of external potassium concentrations, but suggest they have different functions in the growing hair cell.
Introduction
Root hairs in Arabidopsis thaliana are tubular projections that emerge from the base of specialized epidermal cells, the trichoblasts (Dolan et al., 1993) . During the elongation of root hairs, expansion of the vacuole is coupled with the deposition of new membrane and wall at a restricted area at the surface of the cell, the tip (Galway et al., 1997) . The growth of the root hair can be divided into three distinct phases. The ®rst is initiation and involves the formation of a bulge and there is a localized increase in cytoplasmic pH (Bibikova et al., , 1998 Leavitt, 1904) . In the second phase, a localized area of the bulge undergoes a slow elongation (<5 mm h ±1 ) (Dolan et al., 1994) , a local Ca 2+ gradient forms as a result of the activity of inward rectifying calcium channels (Very and Davies, 2000; Wymer et al., 1997; Schiefelbein et al., 1992) . During the third phase, elongation accelerates to a rate of 1±3 mm min ±1 (Dolan et al., 1994; Schiefelbein et al., 1992) . Hairs at this stage of growth have a characteristic`tip growth' cytoplasmic organization, with Golgi-derived vesicles at the growing tip, behind which is a zone rich in endoplasmic reticulum, Golgi apparatus and mitochondria (Schempf, 1986; Sievers and Schnepf, 1981) .
Plants homozygous for the complete loss of function tiny root hair1-1 (trh1-1) mutation have short root hairs and frequently initiate more than one root hair per trichoblast (Rigas et al., 2001) . TRH1 encodes a protein of the AtKT (for Arabidopsis thaliana K + Transport) family, and was previously designated AtKUP4 (Kim et al., 1998) . There are 13 members of the KT/KUP/HAK ion transporters in Arabidopsis and they are similar to the KUP potassium carrier of E. coli (Rubio et al., 2000; Schleyer and Bakker, 1993) . It is likely that they function as H + and K + symporters with a capacity to transport potassium with both low and high af®nity (Rodriguez-Navarro, 2000; De Boer, 1999; Fu and Luan, 1998) . Mutations in other members of the Arabidopsis KUP/KT/HAK family have been identi®ed. For example shy3-1 mutants have defective hypocotyl elongation and result from mutations in the AtKT2/KUP2 gene (Elumalai et al., 2002; Reed et al., 1998) . The Shy3 ± and Trh1 ± phenotypes suggest that proteins in the KUP/KT/HAK family are active in ion transport events involved in cell expansion (Elumalai et al., 2002) .
A number of other potassium transport systems have been identi®ed in the root. These include the AKT1 and SKOR1 (Gaymard et al., 1998; Sentenac et al., 1992) . AKT1 and SKOR1 are members of the shaker family of potassium channels (Gaymard et al., 1998; Sentenac et al., 1992) . SKOR1 encodes an outward rectifying potassium channel expressed in the stele of the root and is likely to be required for the loading of potassium into the xylem sap (Gaymard et al., 1998) . AKT1 encodes an inward rectifying potassium channel (Gaymard et al., 1998; Sentenac et al., 1992) located in the plasma membrane and is expressed in the elongation and differentiation zones of the epidermis, cortex and endodermis (Lagarde et al., 1996) . Plants homozygous for akt1-1 loss of function mutations are very small when grown in media containing no potassium and 2 mM ammonium phosphate, demonstrating that AKT1 transports potassium at external concentrations between 10 mM and 100 mM (Hirsch et al., 1998; Gaymard et al., 1996) . In addition, rubidium uptake, growth and electrical measurements on the akt1-1 mutant grown in the presence of various concentrations of ammonium, sodium and potassium, suggest that the root uptake of potassium is achieved by AKT1 and at least one additional unknown potassium transport system (Spalding et al., 1999) . In conclusion, potassium transport in the root is complex and involves various components, many of which are unknown.
As AKT1 is expressed in the root epidermis, it is hypothesized that a plant homozygous for the akt1-1 mutation might have a short root hair phenotype. Here, the function of both TRH1 and AKT1 during root hair elongation was investigated by examining the phenotypes of trh1-1, akt1-1 and of trh1-1 akt1-1 mutant plants grown in different concentrations of external potassium. These data demonstrate that both TRH1and AKT1 are involved in root hair elongation, but it is likely that these proteins are required for different aspects of ion transport during cell growth.
Materials and methods
Media preparation and growth condition Arabidopsis thaliana WS ecotypes were grown in Murashige and Skoog media (Murashige and Skoog, 1962) supplemented with 1% sucrose and 1% phytagel (Sigma, St Louis, USA). To study the effect of KCl on the length of the wild-type and trh1-1 root hairs, plants were grown in an ammonium-free media composed of 2.5 mM NaNO 3 , 2.5 mM Ca(NO 3 ) 2 , 2 mM MgSO 4 , 1,08 mM Ca(H 2 PO 4 ), 0.1 mM NaFeEDTA, 25 mM CaCl 2 , 25 mM H 3 BO 3 , 22 mM ZnSO 4 , 2 mM MnSO 4 , 0.5 mM CuSO 4 , 0.5 mM Na 2 MoO 4 , 0.01 mM CoCl 2 , 0.5% sucrose, 2.5 mM Mes, pH 5.7, 0.8% puri®ed agarose (Sigma, St Louis, USA) and autoclaved for 10 min (Spalding et al., 1999) . Seeds were incubated for 3 d in the dark at 4°C and then transferred to 25°C under continuous light and laid horizontally.
Measurement of root hair growth
Three days after germination, root hairs growing in media were measured using an ocular micrometer on a wild M 7 Z stereomicroscope (Leica Microsystems, Heidelberg, Germany). For all experiments, the length of 10 fully expanded root hairs per root was measured in the differentiation zone. Ten roots were used for the wild type, trh1-1, akt1-1 single mutants, and the trh1-1-akt1-1 double mutant. Measurements were repeated on day 4. The experiment was repeated on two independent preparations of media with the exception of the akt1-1:trh1-1 double mutant, where the experiment was performed on one media preparation. T-tests for statistical analysis were performed online on www. graphpad.com. Root hairs were imaged on an Olympus, AX70 (Japan) light microscope. Photomicrograps were made with a CCD3 camera (Sony, Japan) and digitized with image analysis software (sis GmbH, Mu Ènster, Germany).
RNA extraction, reverse transcriptase PCR and competitive PCR To study TRH1 expression, 3-d-old seedlings were transferred to ammonium-free liquid media containing 20 mM KCl. KCl was omitted from the control. Plant were harvested at different times after the beginning of the treatment, dried quickly between two sheets of towel, frozen in liquid nitrogen and stored at ±70°C. For RNA extraction, approximatively 0.5 g fresh weight material was ground. Total RNA was puri®ed using the RNeasy kit (Qiagen, Crawley, England) following the manufacturer's recommendations. For competitive PCR, genomic contamination was removed by incubating the puri®ed total RNA with DNaseI (Roche Diagnostics GmbH, Mannheim, Germany) following the manufacturer's recommendations. Total RNA was then precipitated using LiCl and resuspended in the same volume of water used initially. The amount of RNA was measured spectrophotometrically twice. The reverse transciptase experiment was performed by incubating 1 mg of total RNA with RT superscript II for 50 min following the manufacturer's recommendations. For the TRH1 competitive PCR, a DNA competitor was made using primers that¯ank a small intron of 72 bp within the TRH1 sequence (primers TRH1-3; 5¢-TGCTATGCAT-TGGGATGCTTC-3¢ and TRH1-2; 5¢-CGTCAATCGAACGGTCA-GTGT-3¢). Using genomic DNA as a template, a product of 882 bp was ampli®ed, while using TRH1 cDNA as a template, a product of 810 bp was ampli®ed. For the AKT1 competitive PCR, a DNA competitor was prepared using primers that¯ank the second intron of AKT1 with a size of 70 bp (primers AKT1-4; 5¢-GATATG-GGAGGCTTTCTTAG-3¢ and AKT1-5; 5¢-AACGAGTTTTGCGC-ATCGGA-3¢). A 480 bp product was ampli®ed when using genomic DNA as a template, while a 410 bp product was ampli®ed when using the AKT1 cDNA as a template. A large amount of competitor was prepared, puri®ed and quanti®ed by spectrophotometry. The competitor was diluted to a ®nal concentration of 1 ng ml ±1 . This stock solution was then further diluted as described in Fig. 4 and used as a competitor. To check the cDNA preparation for genomic DNA competition and for the competitive PCR itself, 1 ml of the RT-PCR was used with 1 ml of competitor in a ®nal volume of 50 ml with the following programme: denaturation 94°C 15 s, annealing 55°C 30 s, elongation 68°C 1 min; for 40 cycles. The PCR product where subsequently separated by electrophoresis through a 3% agarose gel.
PCR identi®cation of a trh1-1 akt1-1 double mutant Both trh1-1 and akt1-1 mutations are in the WS background. Crosses were made between two homozygous mutants. F 1 seeds were grown and allowed to self to obtain an F 2 population. Because the TRH1 and AKT1 genes are unlinked and the Trh1 ± phenotype is easy to select, the F 2 offspring were screened for the Trh1 ± short root hair phenotype. One hundred seeds from the F 2 population were plated on media containing 50 mM KCl. In this media the difference in length of the root hair between the wild type and trh1-1 is maximized. Twenty-three plants showed a clear Trh1 ± phenotype and 10 of these plants were randomly selected. Since the akt1-1 mutation is caused by the insertion of a T-DNA into the open reading frame of the AKT1 gene, the akt1 mutation was screened for by PCR. Primers within the AKT1 sequence (AKT1-2; 5¢-ACCCAAT-TCTAGCAACTCCTTGAAACTCC-3¢; AKT1-3; 5¢-AACACCTC-TGGTCCGTCAAG-3¢) and the T-DNA sequence (T-DNA-l; 5¢-GATGCACTCGAAATCAGCCAATTTTAGAC-3¢) were used. plant material was prepared for PCR according to Klimyuk et al. (1993) and the following PCR programme was used: denaturation 2 min 94°C, annealing 30 s at 55°C, elongation 2 min at 72°C with 30 cycles. Six of the 10 plants gave three PCR products corresponding to a non-speci®c product, a wild-type copy (900 bp) and a mutant copy of the AKT1 gene (700 bp). These plants are heterozygous for the akt1-1 mutation. Two plants gave a single PCR product (900 bp) corresponding to the wild-type AKT1 gene. Finally, three plants gave only one PCR product of 700 bp corresponding to the akt1-1 mutation. These plants were homozygous for the akt1-1 mutation. They were allowed to self pollinate and seeds collected. The presence of the trh1-1 mutation was con®rmed by visual screening and the akt1-1 mutation was con®rmed by PCR on the F 3 plants.
Results

The Trh1
± phenotype is not suppressed by elevated concentrations of external potassium If TRH1 were a major inward potassium transporter located on the plasma membrane, it is likely that the phenotype of plants homozygous for the trh1-1 mutation would be suppressed by the addition of external potassium. To test this hypothesis, the elongation of trh1-1 root hairs was examined when seedlings were grown in media containing different concentrations of potassium. Plants were grown on media containing 0, 10, 50 or 100 mM KCl. The contaminating potassium concentration was 100 mM (A Grabov, personal communication). While 50 mM and 100 mM external KCl represent non-physiological growing conditions, phenotypic comparisons of mutant and wild type grown at these concentrations will be instructive in ascribing function to TRH1.
Wild-type root hairs grow in the presence of 0, 10, 50, and 100 mM KCl (Fig. 1) . However, root hair length decreases with increased external KCl concentration (Fig. 1) . The trh1-1 root hairs are shorter than the wild type at all KCl concentrations (Fig. 1) . In the absence of external potassium, trh1-1 root hairs are 65% shorter than the wild type (P <0.0001, n=200) (Figs 1, 2A, B) . At 10 mM KCl, the trh1-1 root hairs are 50% shorter than the wild type (P <0.0023, n=200). This is not a partial suppression of the Trh1 ± phenotype since trh1-1 root hair length remains constant while wild-type root hairs are 30% shorter, however, this decrease is not statistically signi®-cant. At 50 mM KCl, trh1-1 root hairs are 70% shorter than the wild type (P <0.0001, n=200) (Figs 1, 2C, D) . Hairs do not grow on trh1-1 mutants cultured on 100 mM KCl, while wild-type hairs grow at this concentration. In conclusion, the Trh1 ± phenotype is not even partially suppressed by the addition of potassium. TRH1 activity is absolutely required for root hair tip growth over a wide range of external potassium concentration. In addition, thr1-1 root hair length decreased constantly between 10 mM and 50 mM external KCl unlike the wild type (Fig. 1) . Therefore, the trh1-1 root hairs are hypersensitive to increased external KCl.
± phenotype is enhanced by increased external osmolarity The effect of high concentrations of external KCl on trh1-1 root hair tip growth was investigated. It may result directly from the high concentration of potassium or chloride ions in the media or indirectly from the increased osmolarity of the media. To test these hypothesis, wild-type and trh1-1 mutants were grown in the presence of 50 mM NaCl or 100 mM mannitol instead of 50 mM KCl. Root hair length is the same in trh1 ± seedlings when grown on either 50 mM NaCl or 50 mM KCl (Fig. 2D, E) , while wild-type root hairs are the same length as those grown in the absence of potassium (data not shown). Therefore, the hypersensitivity of trh1-1 root hairs is not speci®c to potassium, but may be due to chloride. However, in the presence of 100 mM mannitol, which mimics the osmotic conditions of 50 mM KCl or NaCl, root hairs of trh1-1 mutants are the same length as those of mutants grown in the presence of 50 mM KCl or NaCl (Fig. 2D, E, F ). In conclusion, these observations indicate that the Trh1 ± phenotype is enhanced by an increased osmolarity. This is consistent with a defect in potassium import into the cell.
AKT1 is required for root hair elongation at high external potassium concentrations AKT1 is active in root epidermal cells (Hirsch et al., 1998; Lagarde et al., 1996) . Therefore, it might be predicted that the akt1-1 mutant would have a defect in root hair elongation. This hypothesis was tested by growing akt1-1 plants in the presence of different concentrations of potassium. The akt1-1 root hairs are longer than the wild type when grown in the absence of potassium ( Fig. 1 , P <0.005, n=150). In these conditions AKT1 negatively regulates root hair elongation. Hair length of akt1-1 and the wild type are identical when grown in the presence of 10 mM KCl, suggesting that AKT1 activity is not required for root hair elongation in these conditions. Root hairs of akt1-1 mutants are shorter than the wild type when grown in 50 mM KCl ( Fig. 1, P <0 .0413, n=150) and 100 mM KCl ( Fig. 1, P <0.0081, n=150) . AKT1 is, therefore, required for root hair tip growth in the range of 50±100 mM KCl and may repress hair tip growth at low external KCl concentrations. Taken altogether, these data suggest that AKT1 is required for root hair elongation.
Root hair phenotype of the trh1-1 akt1-1 double mutant To characterize further TRH1 and AKT1 function during root hair elongation, a trh1-1 akt1-1 double mutant was made. Root hair length of this double mutant was measured in the presence of various external concentrations of KCl. In the absence of potassium, hairs of the trh1-1 akt1-1 double mutant are longer than trh1-1 single mutant, but shorter than the akt1-1 single mutant ( Fig. 1, P <0 .05, n=120; P <0.0005, n=120). At 10 mM KCl, root hairs of the double mutant are similar in length to trh1-1 and shorter than hairs of the double mutants grown in the absence of potassium (P <0.0069, n=120), i.e. the akt1-1 mutation does not suppress the Trh1 ± phenotype at 10 mM external potassium. At 50 mM KCl, root hairs of the akt1-1 trh1-1 double mutant are similar in length to hairs of the trh1-1 mutant. Finally, at 100 mM KCl, hair length of the double mutant is identical to trh1-1 and akt1-1 single mutants. In conclusion, at low potassium concentration, the akt1-1 mutation partially suppresses the Trh1 ± phenotype, while at higher potassium concentrations the double mutant is essentially showing the Trh1 ± phenotype. Therefore, the double mutant displays characteristics of each single mutant.
trh1-1, akt1-1 and the trh1-1 akt1-1 double mutant have a shoot phenotype when grown in the presence of high external KCl TRH1 is expressed in the root and shoot, however the trh1-1 mutant does not exhibit a shoot phenotype (Rigas et al., 2001) . AKT1 is predominantly expressed in roots. A defect of AKT1 activity in the homozygous akt1-1 mutant results in a smaller shoot size (Hirsch et al., 1998) . It is possible that in an akt1-1 mutant background the trh1-1 mutation may result in a shoot phenotype.
The plant weight of trh1-1, akt1-1 and trh1-1 akt1-1 plants was determined when grown in the presence of various concentrations of potassium. When grown in 0 and 10 mM KCl, there is no signi®cant difference in weight between any of the mutant lines and the wild type (Fig. 3B) . However, when grown in 50 mM KCl, akt1-1 mutants are smaller than the wild type (P <0.05 n=8). This is even more dramatic in the presence of 100 mM KCl. This suggests that AKT1 positively regulates rosette weight in the presence of high concentrations of external potassium. At 50 mM the size of a trh1-1 plant is not signi®cantly different from the wild type. However, at 100 mM, the rosettes of trh1-1 mutants are larger than wild type (Fig. 3A, B) (P <0.05; n=8). This suggests that TRH1 is a negative genetic regulator of rosette size in the plants grown in 100 mM external KCl. Taken together, these observations demonstrate that TRH1 and AKT1 are both active in controlling the size of the rosette at high external potassium concentrations, but in a antagonistic fashion.
At 0 and 10 mM KCl, rosette size of the double mutant is similar to the wild type, akt1-1 and trh1-1 single mutants (Fig. 3B) . At 50 mM the rosette size of the double mutant, is similar to the wild type and to trh1-1, but larger than akt1-1. At 100 mM KCl, The trh1-1 akt1-1 double mutant rosette size is smaller than trh1-1 single mutant, although not signi®cantly different (Fig. 3A, B) and is greater than the wild type (P <0.05; n=8) and akt1-1 (P <0.05; n=8). Therefore, the trh1-1 mutation partially suppresses the Akt1 ± phenotype at high external potassium concentration. Additional shoot developmental phenotypes (e.g. trichome) for the double mutant have not been noticed.
The steady-state level of TRH1 mRNA is not dependent on external KCl The phenotypic characterization of akt1-1 and trh1-1 mutants indicates that the respective wild-type proteins are required over a wide range of potassium concentrations. It was therefore predicted that both genes would be transcribed in these growth conditions at low (0 mM) and high (20 mM) external potassium concentrations. TRH1 mRNA was quanti®ed from seedlings grown in the presence or absence of KCl using competitive PCR. As shown (Fig. 4A ), 1 pg of competitor is required to amplify both the competitor and TRH1 cDNA when using cDNA samples prepared from plants at the beginning of the treatment, i.e. grown in 20 mM external KCl. One pg is also suf®cient for co-ampli®cation of TRH1 and as a Fig. 3 . trh1-1, akt1-1, and the trh1-1akt1-1 double mutant have a shoot phenotype. Wild-type WS ecotype (black bars), trh1-1 (white bars), akt1-1 (striped bars) and akt1-1 trh1-1 (blue bars) were grown on ammonium-free media supplemented with 100 mM KCl. Two weeks after germination an image of a typical experiment is shown in (A) and the rosettes were collected and weighed individually. The relative weight of the mutants compared to the wild type in the absence of external KCl is presented in (B).
competitor with cDNA samples prepared from plants subcultured onto 0 mM KCl for 2±16 h (Fig. 4B) . Therefore, TRH1 mRNA levels are not affected by changes in external potassium concentration and the gene is likely to be constitutively expressed.
The steady-state level of AKT1 gene expression was examined (Fig. 4C) in the same cDNA preparations that were used to examine TRH1 expression. The AKT1 cDNA is less abundant than the TRH1 cDNA (Fig. 4) . The AKT1 mRNA levels are identical in seedlings grown in 0 and 20 mM KCl for 16 h. In addition, AKT1 expression does not vary throughout the 16 h of the incubation (data not shown). Therefore, the steady-state level of AKT1 gene expression is not dependent on the concentration of external potassium and is, therefore, likely to be constitutive. In conclusion, steady-states levels of TRH1 and AKT1 mRNA are constant over a range of external potassium concentration as predicted by the phenotypic analysis.
Discussion
It is reported here that both the putative potassium carrier TRH1 and the potassium channel AKT1 are required for root hair tip growth. Phenotypic characterization of the single trh1-1 and akt1-1 mutants indicates that these transporters are active over a wide range of external potassium concentrations. Consistent with this observation it was con®rmed that the steady-state level of TRH1 and AKT1 is not affected by external potassium concentrations and both transporters are constitutively expressed. Plants lacking both TRH1 and AKT1 activity display an intermediate root hair length phenotype compared to either single mutant. The shoot phenotypes suggest that both AKT1 and TRH1 antagonistically regulate rosette size when plants are grown in the presence of high concentrations of external KCl. Taken together these observations suggest that AKT1 and TRH1 have different functions in planta.
TRH1 is absolutely required during root hair tip growth trh1-1 mutants have short hairs and TRH1 is a putative potassium transporter (Rigas et al., 2001) . It was therefore predicted that a suf®cient external supply of potassium would suppress the Trh1 ± phenotype. This potassium could be transported into root epidermis cells by any number of other potassium uptake systems that are known to operate at the plasma membrane of the root hair (such as AKT1). Seedlings were grown in media containing a range of increasing external potassium concentrations. At all potassium concentrations tested, it was not possible to restore root hair tip growth in trh1-1. It was also shown that the trh1-1 mutant is hypersensitive to high osmolarity in the external mediumÐhairs are very short in these conditions. This hypersensitivity was interpreted as being the result of a potassium transport defect in the mutant. To maintain normal elongation rates in a high osmolarity medium, plant cells import more osmotically active ions such as potassium, than cells grown in low osmolarity conditions. The increased sensitivity of trh1-1 mutants to osmolarity, suggests that these mutants are unable to compensate for the high osmolarity of the external medium, because the trh1 mutants take up only 40% the wild-type amount of rubidium, a tracer used to transport potassium (Rigas et al., 2001) .
How can the thr1-1 phenotype be explained, given that AKT1 is active and transporting large amounts of potassium into the cell? There are at least two possible explanations. One is that the potassium is transported across the plasma membrane by proteins such as AKT1, but does not cross the tonoplast in the trh1-1 mutant. As a consequence trh1-1 has no storage capacity and accumulates less potassium, thereby reducing the growth of the vacuole. This hypothesis predicts that TRH1 is located on the tonoplast where it would control the¯ux of potassium between the cytoplasm and the vacuole. An alternative hypothesis is that TRH1 is located in the plasma membrane where it transports another molecule into the cell in addition to potassium, and this other molecule is not transported into the cell by AKT1. Characterization of the transport speci®city of TRH1 will be instructive in distinguishing between these two hypotheses.
AKT1 is required for root hair growth and is the low af®nity component of potassium transport Root hairs of akt1-1 mutants do not elongate when grown in the presence of 100 mM external KCl. Since, the akt1-1 mutants lacks all AKT1 potassium transport activity it is likely that the growth defect observed at 100 mM external KCl is due to the inability of the mutants to accumulate suf®cient potassium for growth. In conclusion, AKT1 activity is required for root hair elongation.
It was shown that, in the presence of high external potassium, the akt1-1 shoot is signi®cantly smaller than the wild type. Taken together with the conclusions from the analysis of the trh1-1, it con®rms that cellular potassium is critical for cell elongation (Leigh and Wyn-Jones, 1984) . It is also consistent with previous assumptions that AKT1 is a component of the low af®nity potassium uptake system of the plant (Maathuis and Sanders, 1994) . Finally, it suggests that AKT1 is the major potassium uptake system when the external potassium concentration is high, which is in agreement with the classical model describing the uptake of potassium in plants (Epstein et al., 1963) .
Root hairs of akt1-1 mutants grown on 10 and 50 mM potassium are indistinguishable from wild-type hairs. Therefore, AKT1 might not be active in this range of potassium concentrations or another transporter can transport ions in the absence of AKT. It is possible that TRH1 may be such a carrier. If this hypothesis were correct then the Trh1 ± phenotype could be expected to be observed when akt1-1 trh1-1 double mutants roots are grown on 10 and 50 mM potassium. Indeed, the phenotypes of trh1-1 and the akt1-1 trh1-1 double mutant are indistinguishable when grown on 10 and 50 mM external potassium. This may indicate that TRH1 function can compensate for the loss of AKT1 function at certain external potassium concentrations.
AKT1 and TRH1 have different functions in planta
In the absence of external potassium, root hairs of the trh1-1 mutant are short. TRH1, therefore, positively regulates root hair tip growth. Root hairs of akt1-1 mutants grown in the absence of potassium are longer than the wild type. This suggests that AKT1 negatively regulates root hair elongation when grown in the presence of low external potassium. Therefore, TRH1 and AKT1 have opposite functions at low concentrations of potassium. A possible interpretation for the unexpected long root hair phenotype of akt1-1, is that AKT1 could be responsible for the movement of potassium out of the root hair cell when the plants are grown in very low external potassium conditions. This movement of potassium out of the cell in wildtype AKT1 plants would result in a decrease in hair cell elongation and the formation of very short hairs. Such outward movement of potassium would not occur in plants homozygous for the complete loss of function in akt1-1 mutation, allowing them to grow longer than the wild type. This hypothesis could be tested by comparing 86 Rb extrusion in wild-type and akt1-1 mutant plants. The akt1-1 mutants would be predicted to lose more 86 Rb tracer to the surrounding medium than wild-type plants. Consistent with this hypothesis is the ®nding that the AKT2/AKT3 potassium channel, which is similar to AKT1, has been shown to be a weak outward recti®er in oocytes (Lacombe et al., 2000) .
The shoot of the trh1-1 mutant is larger than the wild type when grown in the presence of high concentrations of external potassium, while the akt1-1 mutant shoots are smaller than the wild type. This again suggests that in planta, TRH1 and AKT1 have distinct functions. That the root hair phenotype of the trh1-1 akt1-1 double mutant exhibits characteristics of both single mutants, is consistent with this interpretation. This absence of an epistatic interaction suggests that the transporters act independently of each other.
The distinct roles of AKT1 and TRH1 in cell expansion revealed by the phenotypes of the single and double mutants may simply result from the different functional properties for AKT1 and TRH1, i.e. AKT1 is a channel, while TRH1 is a carrier, and both proteins are located on the plasma membrane. An alternative explanation is that the distinct roles of these proteins is the result of their being located in different parts of the cell. Since it is known that AKT1 is located on the plasma membrane, TRH1 may be located on the tonoplast where it participates in ion transport into or out of the vacuole. In agreement with such interpretation, genetic studies and biochemical analyses have suggested that other members of the KUP/ HAK/KT family may be located on the tonoplast (Rubio et al., 2000; Senn et al., 2001; Elumalai et al., 2002) . This hypothesis is currently being tested.
